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ABSTRACT: P2-structured Na0.67Ni0.33Mn0.67O2 (PNNMO) is a
promising Na-ion battery cathode material, but its rapid capacity
decay during cycling remains a hurdle. Li doping in layered
transition-metal oxide (TMO) cathode materials is known to
enhance their electrochemical properties. Nevertheless, the
inﬂuence of Li at diﬀerent locations in the structure has not
been investigated. Here, the crystallographic role and electrochemical impact of lithium on diﬀerent sites in PNNMO is
investigated in LixNa0.67−yNi0.33Mn0.67O2+δ (0.00 ≤ x ≤ 0.2, y = 0,
0.1). Lithium occupancy on prismatic Na sites is promoted in Nadeﬁcient (Na < 0.67) PNNMO, evidenced by ex situ and operando
synchrotron X-ray diﬀraction, X-ray absorption spectroscopy, and
7
Li solid-state nuclear magnetic resonance. Partial substitution of
Na with Li leads to enhanced stability and slightly increased speciﬁc capacity compared to PNNMO. In contrast, when lithium is
located primarily on octahedral TM sites, capacity is increased but at the cost of stability.

■

INTRODUCTION
The surging demand in the world’s lithium supply due to the
growing markets for Li-ion batteries (LIBs) has led to a rapid
rise in Li raw material cost, which intensiﬁes the needs for the
development of alternatives to LIBs. Na-ion batteries (SIBs)
are considered one of the most promising candidates to
substitute lithium in key applications due to sodium’s high
abundance and low cost. Although Na-ion batteries have
advantages in terms of resources and price (compared to
lithium-ion batteries), their lower energy density and cycling
stability are still major obstacles against their practical
applications. To this end, much eﬀort has been devoted in
the design and development of electrode materials for highperformance SIBs. As cathode materials are key in determining
the energy and stability of SIBs, extensive eﬀorts have been
invested in their development. Various compounds, including
oxides,1−4 frameworks,5−7 hexacyanoferrates,8,9 and polyanionic compounds,10,11 have been investigated as potential
cathode materials. Among the reported cathode candidates,
layered sodium transition-metal oxides (TMOs) and their
derivatives have received considerable attention due to their
ease of synthesis and high theoretical capacities. Two common
types of TMO cathodes have been widely studied: O3 type, in
which Na ions reside in octahedral sites with oxygen
coordination, and P2-type, in which Na ions are located in
TMO6 at trigonal prismatic sites, according to the notation
suggested by Delmas et al.12 Compared with the O3 phase that
© 2021 The Authors. Published by
American Chemical Society

has a Na-ion migration pathway through face-shared interstitial
tetrahedral sites with adjacent NaO6 octahedra, P2-type
structure is more attractive because Na ions migrate between
two face-shared trigonal prismatic sites in the Na layers with
lower diﬀusion barrier for enhanced rate capability.2,13−15
However, compared with layered cathode materials used in Liion batteries, the P2-type layered Na-ion cathodes still suﬀer
from a rapid capacity decay due to the larger ionic radius of
Na+ ion (1.02 Å), comparing to that of Li+ ion (0.76 Å), with a
higher kinetic barrier for Na+-ion transport in the crystal
structure and detrimental phase transitions during cycling.16
More eﬀorts need to be devoted to understanding the
fundamental barriers in layered oxide-based cathode materials.
Methods that combat the adverse eﬀects of the large Na+ ion
are needed to enhance performance metrics such as energy
density and cycle life to increase the viability of the sodium-ion
technologies.
Commonly used approaches in P2-type cathode materials
for improving their electrochemical properties include varying
the composition and substitution with electrochemically active
Received: February 17, 2021
Revised: May 20, 2021
Published: June 2, 2021

4445

https://doi.org/10.1021/acs.chemmater.1c00569
Chem. Mater. 2021, 33, 4445−4455

Chemistry of Materials

pubs.acs.org/cm

elements (Li, Fe, Ti, Co, etc.)17−19 and/or electrochemically
inactive elements (Al, Cu, Mg, Ca, etc.).20−23 Among the
reported substituting elements, Li has been found to have a
positive impact on the structural stability and electrochemistry
of the layered cathode materials.24−26 When used in a layered
cathode for Na-ion batteries, the added Li-ions can stabilize
the structure and improve Na+ diﬀusion through the typical
prismatic sites.25,26 More importantly, substitution of lithium
can also suppress the Jahn−Teller eﬀect and can delay
detrimental phase transitions at high voltages, leading to
improved electrochemical properties.25,27−29 Considering that
the ionic radius of Li-ions is similar to the transition-metal
cations, there has been a prevailing hypothesis that the Li-ion
dopant in layered sodium TMOs tends to occupy TM sites in
TMO6 octahedra (TM layer). A previous report26 showed that
Li in the TM layer in the P2 structure could suppress P2−O2
phase transition and stabilize the structure at high voltages.
This was achieved through highly reversible phase transition
pathways and small volume changes. Li-ions were observed to
partially and reversibly hop between the TM layer and Nalayer.26 Nevertheless, the possibility of lithium substitution
into Na sites in P2-type cathodes is barely discussed in the
open literature.
Here, the potential crystallographic role and electrochemical
impact of lithium at diﬀerent sites in P2 Na0.67Ni0.33Mn0.67O2
(PNNMO) are investigated. Simultaneous modiﬁcation of the
Na/TM ratio and Li content allows for the location of Li to be
manipulated, as observed by 7Li solid-state nuclear magnetic
resonance (NMR), high-energy synchrotron X-ray diﬀraction
(HEXRD), and extended X-ray absorption ﬁne structure
(EXAFS). In samples with sodium-deﬁcient compositions (Na
= 0.57), the substitution of Li primarily into prismatic sodium
sites can be observed (LSN samples). In fully sodiated (Na =
0.67) samples, Li is observed to ﬁll vacancies in the Na-layer
(LFN samples) and occupy the octahedral sites in the TM
layer. In LSN, the transition-metal layers (octahedral sites) are
almost completely ﬁlled with Ni and Mn, so only a small
quantity of Li can be mixed into the TM layer, but the Na
deﬁciency promotes Li occupation in the Na-layer. In LFN,
fewer vacancies exist in the Na-layer, so greater occupancy of
Li in the TM layer occurs compared to LSN. The diﬀerent Li
conﬁgurations in the P2 structure are shown to have
signiﬁcant, distinct impacts on the structural and electrochemical properties.

■

Article

the Argonne National Laboratory. The wavelength of the X-ray source
used was 0.1173 Å. Operando HEXRD was conducted with a holebore coin cell sealed with Kapton tape; the 2D diﬀraction patterns
were converted to 1D diﬀraction patterns by Fit2D.31,32 The
structural information and lattice parameters were determined using
Rietveld reﬁnement by FullProf software.33 Solid-state 7Li magicangle-spinning (MAS) NMR experiments were performed on a
Bruker Avance III spectrometer in a 7.05 T magnetic ﬁeld with a 7Li
Larmor frequency of 116.60 MHz. Electrodes were packed into 1.3
mm rotors and spun at a MAS rate of 50 kHz. The MATPASS
sequence was employed, with a recycle delay of 0.2 s and the 90°
pulse length was 1.6 μs. LiCl(s) with a 7Li chemical shift at 0 ppm was
used as a reference. The synchrotron X-ray absorption spectroscopy
(XAS) at Ni and Mn K-edge was conducted at the 20-BM beamline
(APS) in the Argonne National Laboratory. The X-ray photon energy
was monochromatized by a Si(111) double-crystal monochromator.
All spectra were collected at room temperature in transmission mode.
Electrochemical Characterizations. The cathode laminate was
prepared by screen printing (MTI) a slurry of 80 wt % active material,
10 wt % C45 (Timcal), and 10 wt % poly(vinylidene ﬂuoride) onto an
aluminum foil current collector by a doctor blade. After drying in a
vacuum oven at 100 °C overnight, electrode disks (14 mm) were
punched and weighed. The loading density of the active material was
2 mg cm−2. All cells were prepared in an argon-ﬁlled glovebox under
conditions that the contents of moisture and oxygen were both below
0.5 ppm. The half-cells were assembled in CR2032 coin cells with the
cathode, a glassy ﬁber separator (Sartorius), and a sodium metal
(Sigma Aldrich) counter electrode in an electrolyte of 1.0 M sodium
hexaﬂuorophosphate (NaPF6, Alfa Aesar) in propylene carbonate
(PC, BASF).
The electrochemical testing was conducted with a MACCOR
cycler between 2.0 and 4.0 V vs Na/Na+ under a constant current rate
of 9 mA g−1 (C/10, 1C rate: charge/discharge in 1 h) at room
temperature (20 ± 2 °C). The interfacial electrochemical measurements were conducted using an in-house-developed high-precision
electrochemical measurement system. After formation, the coin cells
were conditioned in an environmental chamber at 30 °C; a highprecision source meter (Keithley 2401) was used to charge/discharge
the cell to a speciﬁc potential before measuring the static leakage
current. The working electrodes were held at a diﬀerent constant
potential from 3.1 to 4.0 V vs Na/Na+ for 40 h, presuming that the
state of charge (SOC) or the sodium concentration in the working
electrode will reach an equilibrium state after the constant−voltage
charge/discharge. The measured leakage current is used as a
quantitative index for the reaction rate of parasitic (side) reactions
between the working electrode and the electrolyte.

■

RESULTS AND DISCUSSION
A series of P2-type layered TMOs
(LixNa0.67−yNi0.33Mn0.67O2+x, 0.00 ≤ x ≤ 0.2, y = 0, 0.1) with
diﬀerent stoichiometric ratios of lithium and sodium to the
transition metals were synthesized by solid-state reaction. The
sample with composition Na0.67Ni0.33Mn0.67O2 (hereafter
referred to as PNNMO) has two prismatic sites in the sodium
layer (Wyckoﬀ 2b and 2d), which are only partially occupied
by the 0.67 Na. Noting this fact, the ﬁlling of the remaining
vacancies with Li could allow for the modiﬁcation of the
properties of PNNMO while retaining the P2 structure.
Samples designed with Li ﬁlled into the vacancies of the
sodium layer (LFN) were prepared by adding Li content at x =
0.05, 0.1, and 0.2 while maintaining a constant ratio of Na to
the transition metals (y = 0). These samples are called LFN5,
LFN10, LFN20, respectively. In contrast, a sample with Na
substituted with Li (LSN10) was prepared by decreasing the
amount of Na from 0.67 to 0.57 (y = 0.1) and substituting the
resulting Na vacancies with Li stoichiometrically (x = 0.1),
yielding Li0.1Na0.57Ni0.33Mn0.67O2.

EXPERIMENTAL SECTION

Materials Synthesis. Pure P2 Na0.67Ni0.33Mn0.67O2 and Limodiﬁed LixNa0.67Ni0.33Mn0.67O2 (x = 0.05, 0.1, 0.2) and Lisubstituted Li0.1Na0.57Ni0.33Mn0.67O2 materials were prepared by a
solid-state reaction using the Ni0.33Mn0.67(OH)2 precursor with
Na2CO3 and Li2CO3 salts. The Ni0.33Mn0.67(OH)2 precursor was
prepared by a co-precipitation method adopted from the work by
Dahn et al.30 Subsequently, the Ni0.33Mn0.67(OH)2 powder and
Na2CO3 were thoroughly mixed with a 2:1.1 molar ratio for pure P2
Na0.67Ni0.33Mn0.67O2, while the same mixture of Ni0.33Mn0.67(OH)2
powder and Na2CO3 was combined with a designed mole ratio of
Li2CO3 for LixNa0.67Ni0.33Mn0.67O2 and Li0.1Na0.57Ni0.33Mn0.67O2
samples. All samples were mixed in an acoustic mixer. The mixed
powders for each sample were then calcined at 850 °C for 20 h in air.
The samples were allowed to cool down to 500 °C. At 500 °C, the
samples were removed immediately from the furnace and transferred
to the glovebox to avoid exposure to the moisture in air.
Characterizations. Structural Characterizations. Operando and
ex situ high-energy synchrotron X-ray diﬀraction measurements were
carried out at sector 11-ID-C of Advanced Photon Source (APS) in
4446
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Figure 1. Rietveld reﬁnements of synchrotron X-ray diﬀraction patterns of (a) PNNMO, (b) LFN5, (c) LFN10, and (d) LFN20 pristine samples.
The inset in (a) represents the P2-layered structure.

The high-energy synchrotron X-ray diﬀraction patterns as
well as the Rietveld reﬁnements for as-prepared PNNMO and
Li-ﬁlled PNNMO, LFN05, LFN10, and LFN20 (x = 0.05, 0.1,
0.2), are shown in Figure 1. The reﬁned lattice parameters are
summarized in Table 1. For the PNNMO sample, all of the

This indicates that the added Li aﬀects mostly the interlayer
spacing rather than the ab plane.
To elucidate the Li location in LFNs, solid-state 7Li NMR
was conducted. 7Li NMR has been used previously to
successfully diﬀerentiate various local environments of Li in
both crystalline and amorphous phases.34,35 Figure 2a shows
the Li pj-MATPASS spectra of the LFN samples. Three
resonances were observed at chemical shifts ∼550, ∼750, and
∼1650 ppm. The resonances at ∼1650 ppm can be assigned to
Li sites in a honeycomb-like arrangement within the transitionmetal layers.34,35 The resonance at ∼750 ppm was previously
attributed to Li-ions in the Na-layer.26,36 The resonance at
∼550 ppm stems from the minor spinel component, which
agrees well with the XRD results, based on the previous 7Li
NMR study.26 The relative amount of Li at diﬀerent
environments was quantiﬁed through the 7Li solid-state
NMR (Figure S2, Supporting Information). For the peak
around 1650 ppm, there are at least two resonances visible for
the LFN20 sample: one is sharper and the other one is
broader. This is associated with a more complex coordination
of Li in the TM layer. Variations such as possible ion exchange
between Li and TM, changes of the Li−TM bond angle and
the second coordination shell as well as neighboring
coordination of Mn and Ni would give rise to new Li
environments. Similar behavior was observed in the LFN10
and LFN5 samples, but it was challenging to resolve the peak
given the smaller amount of Li. The peak at ∼750 ppm is very
broad and overlaps strongly with the 550 ppm peak of the
spinel. The spinel component (∼550 ppm) also exhibits
signiﬁcant broadening with the increasing Li content, likely
due to increasing variations of the Li coordinating environment
similar to those described for the Li in the TM layer.
Nevertheless, the relative content of Li in spinel (∼550 ppm)
and in the Na-layer (∼750 ppm) increases with the increasing
Li concentration. Meanwhile, the Li in the TM layer (∼1650

Table 1. Reﬁned Crystallographic Parameters Obtained by
Rietveld Reﬁnements
lattice parameters [Å]
sample

a

c

Bragg R factor (RB, %)

χ2 (%)

PNNMO
LFN5
LFN10
LFN20

2.8895
2.8900
2.8900
2.8903

11.1580
11.1001
11.0922
11.0476

4.32
6.33
6.41
11.14

10.9
8.25
17.2
23.9

diﬀraction peaks of the XRD pattern can be well indexed to a
single hexagonal P2-type phase with the space group P63/mmc.
After introducing an additional 0.05 Li (LFN05), a new phase
appeared, which we assigned to the cubic spinel phase with the
space group Fd3̅m. The spinel phase was not included in the
reﬁnement. After increasing the Li content to 0.1 and 0.2, the
spinel (111) peak (among other spinel peaks) intensity
increased. This suggests that the ratio of the secondary phase
(spinel) in the composite increases with Li addition. The
lattice of the secondary phase did not vary with increasing Li,
as the (111) peak position remained unchanged (Figure S1,
Supporting Information). The added Li inﬂuenced the P2layered structure, as suggested by the variations in the lattice
parameters. The lattice parameter c, which represents the
interlayer spacing, was found to decrease from 11.1580 to
11.0476 Å with increasing Li content from 0 to 0.2. On the
other hand, the lattice parameter a, which represents the ab
plane, did not have a distinct change from 2.8895 to 2.8903 Å.
4447
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Figure 2. (a) 7Li solid-state NMR spectra of the LFN5, LFN10, and LFN20 samples; (b) TM−TM scattering path (purple arrows) and the TM−
Na1 scattering path (green arrows); (c, d) Fourier-transformed EXAFS spectra (not phase shift corrected) at Ni and Mn K-edge of PNNMO,
LFN5, LFN10, and LFN20 samples; (e) initial voltage proﬁles of PNNMO, LFN5, LFN10, and LFN20 samples; and (f) cycling stability of
PNNMO, LFN5, LFN10, and LFN20 samples.

to any appreciable extent with increasing Li content. This
suggests that the amount of Li that is introduced into the
transition-metal layers is likely too small to aﬀect their valence
states. To investigate the local structure of the Ni and Mn, the
extended X-ray absorption ﬁne structure (EXAFS) was also
conducted. The Fourier-transformed EXAFS spectra for Ni
and Mn are shown in Figure 2c,d, respectively. Two peaks at
∼1.6 and ∼2.5 Å, which correspond to the backscattering from
the nearest oxygen anions and TM metal ions, respectively, can
be seen at both Ni and Mn K-edge. It is worth noting that no
signiﬁcant changes to the peak position were observed in the
EXAFS, indicating that the addition of Li did not signiﬁcantly
alter the bonding environment of both TMs. According to our
NMR characterization, the added Li could either migrate into
the TM layer (into the TM−TM path) and/or the Na-layer
(TM−Na path). There are two diﬀerent Na crystallographic
sites in the P2 structure: Wyckoﬀ 2b and Wyckoﬀ 2d,
designated as Na1 and Na2, respectively.12 Since Li is a very
weak scatter of X-rays, its addition into the TM layer should
reduce the scattering amplitude of the TM−TM path.37 These
scattering paths are illustrated in Figure 2b. It is observed from
Mn K-edge EXAFS (Figure 2d) that when Li content is
increased from 0 (PNNMO) to 0.20 (LFN20), the ratio
between the TM−TM and TM−O peak height decreases. As

ppm) decreases with the increasing Li concentration (Figure
S2, Supporting Information). Importantly, the NMR results
suggest that the addition of Li may promote more Li to be
localized in the Na layers, occupying Na vacancies, which
agrees well with the apparent decrease in interlayer spacing (c
lattice parameter) from the XRD reﬁnement results.
X-ray absorption spectroscopy (XAS) measurements were
carried out for each sample to elucidate the local structural
changes as well as oxidation states of the transition metals. The
Ni and Mn K-edge X-ray absorption near edge structure
(XANES) spectra are shown in Figure S3 (Supporting
Information). For Ni and Mn, the main edge of all samples
is close to the NiO and MnO2 reference compounds,
respectively. The oxidation states of the samples can be
deduced from the comparison of the edge position of the
sample with standard materials in XANES. The edge positions
of all of the samples are close to the NiO reference compound,
as shown in Figure S3a (Supporting Information). For Mn Kedge XANES (Figure S3b, Supporting Information), it is very
clear that all of the samples’ main edges are close to the MnO2
reference compound. Taken all accounts together, XANES
results indicate that the oxidation states of Ni and Mn ions in
all LFN samples are predominately +2 and +4, respectively.
Furthermore, both Ni and Mn valence do not appear to change
4448
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The Li localized at the Na layers could improve the capacity
as shown in the dQ/dV plots (Figure S4, Supporting
Information) where a new redox peak pair appeared in the
voltage window of 3.8−4.0 V vs Na/Na+. In fact, the redox
peaks became more deﬁned and intense with increasing Li
content, which was also accompanied with the increase in
capacity. Thus, this set of redox peaks is assigned to the Li
activity in the P2 structure. Shown in Figure 2e, the LFN20
sample delivered the highest capacity among all samples with a
104.9 mAh g−1 initial capacity because of the highest Li
concentration, while the PNNMO sample only delivered 82.3
mAh g−1 at the ﬁrst cycle, which shows a 27% increase in
speciﬁc capacity compared to the PNNMO sample.
The LFN samples exhibited stable charge and discharge
capacities (Figure 2f) with LFN05, LFN10, and LFN20
maintaining 97.6, 94.3, and 89.5% capacity retention after 95
cycles compared to 94.0% of the PNNMO (Figure S5,
Supporting Information). Similar trends are observed for the
energy density and energy density retention as for capacity.
The voltage proﬁles over many cycles are shown in Figure S6
(Supporting Information). All samples show similar discharge
voltage fade behavior. This indicates that despite a slightly
lower average voltage than PNNMO, the enhanced energy
density of Li-doped samples is due to their superior capacity, as
shown in Figures S5 and S7 (Supporting Information). As the
capacity fades, so does the energy density. The Coulombic
eﬃciency for all samples for each cycle is presented in Figure
S8 (Supporting Information). The small decrease in
Coulombic eﬃciency for the Li-doped samples could be
explained by their larger capacities, giving rise to an overall
longer time for each galvanostatic cycle (Table S1, Supporting
Information), allowing for more parasitic side reactions to
occur. It is believed that Li addition can beneﬁt the P2
structure (improving capacity for all LFN samples and stability
for LFN5 and 10) by being present in both the TM and Na
layers. It has been proven that Li doping in NaxTMO2
materials could stabilize the structure and beneﬁt Na+ diﬀusion
by staying in TM layers.25,26,38,39 Our work suggests that the
structural stability of NaxTMO2 materials can be further
enhanced by incorporating Li in both TM and Na layers.
There is a clear correlation between the capacity retention
and Li concentration in LFN samples. The capacity retention
of the samples decreases (Figure S5, Supporting Information)
with increasing Li concentration, which corroborates with the
dQ/dV plots shown in Figure S4 (Supporting Information)
where the reversibility of the peak pair in 3.8−4.0 V is revealed
to deteriorate with increasing Li content. It suggests that the
material cannot maintain a high capacity from Li-ﬁlling and
high cycling stability simultaneously. There appears to be an
optimal Li content of 0.10 (LFN10) where the cycle stability is
very similar to PNNMO at a retention rate of 94.3%, but with
enhanced speciﬁc capacity. From these experiments, it appears
that small addition of Li (below 0.2) could enhance the
practical capacity of the P2 Na0.67Ni0.33Mn0.67O2 structure, but
a Li level at 0.2 causes excessive local disorder and aﬀects the
cycling stability. We believe that this is why the LFN20 sample
showed worse cycling stability when compared with other
samples.
Although the LFN10 sample exhibited higher speciﬁc
capacity and cycling stability over PNNMO, its cycling
stability is still inferior to its Li-ion battery counterparts.
Moreover, from our systematic study, it is unclear whether
further improvements can be made on PNNMO solely based

the coordination number (CN) is highly correlated to the area
under the FT-EXAFS peaks, it suggests that the coordination
near TM within the samples decreases with the increase of Li
content.
To determine whether the reduction in the TM−TM/TM−
O integrated peak intensity ratio is due to the spinel phase or
Li in the TM layer, EXAFS was ﬁtted to obtain a more
quantitative view. Both the Ni K-edge and Mn K-edge EXAFS
data were ﬁt to our P2 model (results in Table 2). It is
Table 2. Local Structural Parameters around TM and Na1 in
Na-Cell Obtained from EXAFS Fitting, Holding CN of the
TM−Na1 Constant at 2 for TM−TM, and CN of the TM−
TM Constant at 6 for TM−Na1a
path

sample

Ni−TM

PNNMO
LFN5
LFN10
LFN20
PNNMO
LFN5
LFN10
LFN20
PNNMO
LFN5
LFN10
LFN20
PNNMO
LFN5
LFN10
LFN20

Mn−TM

Ni−Na1

Mn−Na1

CN
6
5.88
5.62
5.72
6
5.64
5.60
5.26
2
1.86
1.88
1.90
2
1.99
1.82
1.71

σ2 [Å2]

R factor

0.0048

0.004
0.003
0.003
0.002
0.005
0.005
0.003
0.005
0.004
0.003
0.003
0.002
0.004
0.003
0.003
0.002

± 0.30
± 0.33
± 0.26
0.0054
± 0.23
± 0.19
± 0.23
0.0043
± 0.20
± 0.24
± 0.19
0.0043
± 0.39
± 0.32
± 0.37

Article

The Debye−Waller is held constant at its ﬁtted PNNMO value for
each shell.

a

important to note that based on the same P2 structure we used
for the XRD reﬁnement, there should also be a backscattering
path from the absorber atom (Ni or Mn, denoted as TM) to
the Na1 atom. Since the backscattering path lengths of TM−
TM and TM−Na1 are very similar, they are too convoluted to
be ﬁtted simultaneously. Furthermore, the TM−Na1 path is
rather weak since the expected coordination number (CN) is
only 2 (low scattering intensity). While it might be attractive to
ﬁt for the TM−Na1 path, we found that it was extremely
diﬃcult to obtain useful information from ﬁtting TM−Na1, as
shown in Table 2 (with CN of TM−TM held at 6).
Accordingly, one restriction that we imposed was to ﬁt the
two diﬀerent paths separately while holding the other constant.
For the Debye−Waller factor (σ2), we ﬁrst obtained a value
from ﬁtting the EXAFS of the pure P2 material. This ﬁtted
Debye−Waller factor was assumed to be the same across all
samples for each shell ﬁt, as illustrated in Table 2.
The ﬁtting results indicate that the CN of the TM−TM
layer decreases from 5.88 ± 0.3 (LFN5) to 5.62 ± 0.33
(LFN10) for the Ni K-edge and further for the Mn K-edge
5.64 ± 0.23 to 5.26 ± 0.23. Both are lower than the expected 6
for CN of TM−TM. This suggests that the addition of Li
content into the P2 structure decreases the observed
coordination number by substituting some of the TM ions
with some preference of Li near Mn4+ in the TM layer, aligning
well with our NMR data, indicating the existence of Li in the
TM layer.
4449
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Figure 3. Comparison of PNNMO, LSN10, and LSN10 samples: (a) Synchrotron X-ray diﬀraction pattern and Rietveld reﬁnement of LSN10
(Li0.1Na0.57 Ni0.33Mn0.67O2); (b) 7Li solid-state NMR spectra of LSN10; (c, d) normalized XANES spectra at Ni and Mn K-edge of the LSN10
sample; and (e, f) Fourier-transformed EXAFS spectra (not phase shift corrected) at Ni and Mn K-edge.

overall increase in alkali ions, the electrostatic attraction is
increased along with a subsequent decrease in the interlayer
spacing.
7
Li solid-state NMR was used to elucidate the local
environments of Li in the LSN10 sample (Figure 3b).
Quantiﬁcation from NMR revealed that most Li was found
in the Na-layer (750 ppm), only ∼5.7 at. % of the Li was
located in the TM layers (1450 ppm). It should be noted that a
small portion of Li formed the secondary spinel phase, which
exhibited a peak around 550 ppm. From XANES, the oxidation
states of Ni and Mn do not change with Li substitution and
remain predominately in the +2 and +4 states, respectively
(Figure 3c,d). For comparison, PNNMO and LFN10 samples
were plotted along with LSN10 in Figure 3. Furthermore, the
EXAFS ﬁtting results of LSN10 yielded a coordination of TM,
6.44 ± 0.24 (Ni K-edge) and 6.01 ± 0.25 (Mn K-edge). The
CN larger than 6 may be a result of the curve-ﬁtting procedure.
Fitting parameters such as the Debye−Waller factor may be
strongly correlated with CN. As a result of the assumption of a
constant value of the Debye−Waller factor for all samples, the
CN could be artiﬁcially high to compensate for the diﬀerent
degree of structural stability in the sample compared to the
value used from PNNMO. As aforementioned, if Li-ions were
indeed in the TM layer, the CN should decrease. Therefore, a

on an LFN strategy. In contrast to LFN, decreasing the Na-ion
content (Na-ion deﬁcient P2 structure) and stoichiometrically
substituting it with Li (LSN) may promote the occupancy of Li
in the Na-layer and reduce Li in the TM layer. Substitution of
Na with Li is achieved by decreasing the Na content
(stoichiometrically from 0.67 to 0.57) and simultaneously
introducing Li stoichiometrically at 0.1, yielding
Li0.1Na0.57Ni0.33Mn0.67O2 (LSN10).
In LSN10, a P2 main phase with a minor secondary phase
was formed (the Rietveld reﬁnement for the sample LSN10 is
shown in Figure 3a). The secondary phase was determined to
be a cubic spinel phase (space group Fd3̅m). The main phase
was well-ﬁtted to a P2 structure with space group P63/mmc.
From the XRD reﬁnement result, the c lattice parameter of the
LSN10 sample was found to increase to 11.1800 Å (compared
to 11.1576 Å of PNNMO). In contrast, the c lattice parameter
of the LFN10 (without change of Na-ion stoichiometry)
sample decreased to 11.0922 Å. We believe that since the size
of Li is smaller than Na, its corresponding contribution to the
electrostatic interaction with oxygen is smaller than that of Na.
Therefore, the increase in the c lattice parameter of LSN10
could be attributed to a decrease in electrostatic attraction due
to the substitution of Na with Li in the Na layers. The opposite
is observed in the LFN10 (c value decreased by −0.0654 Å) as
Li-ions are introduced into the Na vacancy sites. With an
4450
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Figure 4. Comparison of the electrochemical properties of PNNMO, LFN10, and LSN10 samples: (a) Voltage proﬁle at the initial cycle; (b) dQ/
dV plots corresponding to voltage proﬁles in (a); (c) cycling stability; and (d) static leakage current at diﬀerent voltages.

Figure 5. Operando synchrotron XRD as a function of voltage as shown to the right of the ﬁgure of the cathode material: (a) PNNMO and (b)
LSN10. (c) Change (as the percentage relative to the ﬁrst measurement) in unit cell volume and lattice parameters c and a as a function of the state
of charge.

lack of a decrease in CN suggests that no signiﬁcant amount of
Li is in the TM layer for the LSN sample.

Figure 4a shows the voltage proﬁles of PNNMO, LFN10,
and LSN10 at the initial cycle. The ﬁrst charge capacity was
4451
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86.8, 79.5, and 96.74 mAh g−1, respectively, for PNNMO,
LSN10, and LFN10 samples when the cells were charged to a
cutoﬀ potential of 4.0 V. The following discharge process
delivered 84.3, 84.6, and 96.3 mAh g−1 for PNNMO, LSN10,
and LFN10 samples, respectively, corresponding to 0.333,
0.334, and 0.379 Na+. The LSN10 sample achieved slightly
higher capacity compared to PNNMO, with a higher
Coulombic eﬃciency of 106%. The greater than 100%
Coulombic eﬃciency may occur in the half-cell conﬁguration
with an excess Na metal counter electrode, which can supply
additional Na to ﬁll vacancies present in the as-prepared
electrode.40,41
From the voltage proﬁle of LSN10 (Figure 4a), there was a
new plateau at around 2.25 V during discharge, which
contributed capacity and corresponded to the small peak
that appeared in Figure 4b. Although Li activity led to a new
redox peak, the initial capacity remained mostly the same as
the pure P2 material and as expected, lower than the LFN10
(Li-ﬁlled) sample because there are stoichiometrically less
alkali ions in the sample. The enhanced stability of Lisubstituted P2 (LSN10) over the regular P2 and the LFN
samples becomes apparent over many cycles, as shown in
Figure 4c. The Li-substituted LSN10 sample showed a 99.3%
capacity retention after 95 cycles, while the P2 PNNMO and
Li-ﬁlled LFN10 only showed 94.0 and 94.3% retention,
respectively (Figure S5). The dQ/dV plots over the course
of 5 cycles for the Li-substituted LSN10 sample in Figure S9
(Supporting Information) show that the capacity associated
with the new redox reaction was also highly reversible. The
dQ/dV plots over many cycles for PNNMO, LSN10, and
LFN10 are shown in Figure S10 (Supporting Information),
indicating the long-term stability of the redox processes
associated with Li doping.
We also directly measured the parasitic reactions of the
cathode materials via the static leakage current test. As shown
in Figure 4d, the recorded static current response was
measured as a function of the potential, using a home-built
high-precision leakage current measurement system.42 In
general, static leakage current increased with higher potentials,
indicating the electrochemical oxidation of electrolyte
components at the surface of the cathode electrode. In our
case, there is a bump at ∼3.4−3.5 V, most likely related to the
oxidation of Ni2+ to Ni3+ (corresponding to the peak at 3.3 V
in the dQ/dV curve). Under 3.4 V, no signiﬁcant diﬀerence is
found among the 3 samples, but above 3.4 V, it is apparent that
smaller static leakage currents were found for both Li-modiﬁed
samples (LFN10 and LSN10) compared to PNNMO. The Lisubstituted LSN10 sample showed the smallest current
compared to the other two samples. The smaller leakage
current indicates a slower electron-transfer reaction and less
solvent oxidation in a unit time. This suggests that Li
substituting Na in TMOs could help modify the structure to
decrease the parasitic reactions, in agreement with the
enhanced electrochemical cycling stability of LSN samples.
There appears to be a signiﬁcant eﬀect from the way in
which Li is incorporated into the P2 structure on its
electrochemical properties. However, the reason for this
observed enhancement is still unclear. As the structural
reversibility is well known to be correlated to the capacity
retention over many cycles, operando synchrotron XRD was
performed to investigate the underlying contribution of the Li
incorporation on structural evolution upon cycling. Figure 5a
exhibits the operando XRD of the PNNMO sample during the
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initial cycle. It is observed that the PNNMO sample
maintained a P2 phase within a voltage window of 2.0−4.0
V, as all peaks maintained a smooth variation in the peak
position without new peaks appearing during the cycling
process, consistent with the previous reports.43 During the
charging process, the (002) and (106) peaks of PNNMO
shifted to a lower angle, while the (100), (110), (102), and
(112) peaks shifted to a higher angle. This suggests that the c
axis expanded and the a axis contracted with the gradual
desodiation of the sample. An opposite peak shift was observed
during the discharge process, which indicates that the process
was quite reversible. Figure 5b shows the phase evolution of
the Li-substituted LSN10 sample, where the LSN10 sample
showed the same phase evolution behavior as the PNNMO
sample during cyclingexpansion of c axis and contraction of
a axis during charge and vice versa. The variation of the lattice
parameters in PNNMO is due to Na/vacancy ordering
processes, as shown from the previous investigations.43 Given
the similar trend in variation of lattice parameters, it is likely
that the same Na/vacancy ordering explanation applies to
LSN10 as PNNMO. Although the variation of lattice
parameters in LSN10 is similar to the PNNMO sample
under 4.0 V, the lattice parameters a and c and corresponding
unit cell volume showed some diﬀerences. The dependence of
the unit cell dimensions on the state of charge (SOC) is shown
in Figure 5c. The lattice parameters c and a for PNNMO and
LSN10 were reﬁned with the Rietveld reﬁnement using the P2
structure (space group P63/mmc). We could see that c
increased gradually upon desodiation, which was likely due
to increased electrostatic repulsion between oxygen ions during
sodium extraction. LSN10 experienced less expansion at 100%
SOC compared to PNNMO, with only 1.72% expansion for
LSN10 vs 2.03% for PNNMO. In both samples, a was found to
shrink during desodiation, likely due to the smaller size of the
oxidized transition-metal ions. LSN10 contracted less in a than
PNNMO (1.16 vs 1.44%). Due to the smaller degree of change
in c and a for LSN10 vs PNNMO, it also demonstrated a
reduced unit cell volume change (−0.64 vs −0.90%). The
reduced degree of structural distortion experienced by the
LSN10 sample could explain its superior cycling stability.
As demonstrated by its inﬂuence on capacity, cycling
stability, structural distortion during cycling, and leakage
current trends, it is apparent that the location of Li is
important to the cycling stability of the material. More work is
required to further elucidate the exact role of Li in each
position and the mechanism of Li stabilization on the Na-layer.

■

CONCLUSIONS
It was determined that the manner in which Li+ is incorporated
into P2-type Na0.67Ni0.33Mn0.67O2 is a parameter of signiﬁcant
interest. By tuning the relative stoichiometries of Li and Na
with the TMs, improvements in the structure stability and
electr ochemical pro perties of the modiﬁed P2Na0.67Ni0.33Mn0.67O2 material were observed. Speciﬁcally, two
diﬀerent Li modiﬁcation strategies were investigated: (1) ﬁlling
Li into both transition-metal sites and vacancies in the Na-layer
of P2 structure (LFN), while keeping the Na/TM ratio
constant and (2) decreasing the Na content and substituting
that Na with Li (LSN) to insert Li primarily into the Na-layer.
We ﬁrst demonstrated that although the ﬁlling of Li into the
TM and Na layers of P2 (LFN series) can be beneﬁcial toward
increasing capacity and stability, a high content of Li (Li ≥ 0.2)
will destabilize the structure over many cycles. Conversely, we
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ﬁnd that by substituting Na with Li while maintaining the same
overall alkali metal stoichiometry (LSN series), the Li can be
substituted mostly into the Na-layer, as suggested by our
NMR, EXAFS, and XRD results. Li-substituted Na P2 showed
signiﬁcant enhancements in its cycling stability (84.6 mAh g−1
with >99% retention over 100 cycles) along with a minor
increase in speciﬁc capacity compared to the lithium-free
Na0.67Ni0.33Mn0.67O2. Furthermore, it is apparent that Li at
diﬀerent positions (in the TM layer and/or Na-layer) in the P2
structure has substantially diﬀerent eﬀects on the electrochemical properties. Further studies to track the dynamics of Li
in P2 structures during cycling will be important to develop a
fundamental understanding of its role in increasing capacity
and stability.
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